Transgenic Nicofiana tabacum (cv Petit Havana SR1) containing high levels of mitochondrial alternative oxidase (AOX) protein due t o the introduction of a sense transgene(s) of Aoxl, the nuclear gene encoding AOX, were used t o investigate mechanisms regulating AOX activity. After purification of leaf mitochondria, a large proportion of the AOX protein was present as the oxidized (covalently associated and less active) dimer. High AOX activity in these mitochondria was dependent on both reduction of the protein by DTT (to the noncovalently associated and more active dimer) and its subsequent activation by certain a-keto acids, particularly pyruvate. Reduction of AOX t o its more active form could also be mediated by intramitochondrial reducing power generated by the oxidation of certain tricarboxylic acid cycle substrates, most notably isocitrate and malate. Our evidence suggests that NADPH may be specifically required for AOX reduction. All of the above regulatory mechanisms applied to AOX in wild-type mitochondria as well. Transgenic leaves lacking AOX due t o the introduction of an Aoxl antisense transgene or multiple sense transgenes were used to investigate the potential physiological significance of the AOXregulatory mechanisms. Under conditions in which respiratory carbon metabolism is restricted by the capacity of mitochondrial electron transport, feed-forward activation of AOX by mitochondrial reducing power and pyruvate may act t o prevent redirection of carbon metabolism, such as to fermentative pathways.
ubiquinone through the alternative pathway is not coupled to ATP production. The terminal oxidase of this pathway is called AOX and is encoded by the nuclear gene Aoxl (McIntosh, 1994) . Silencing and overexpression of Aoxl in transgenic tobacco (Nicotiana tabacum) was sufficient to alter the capacity for electron transport through the alternative pathway in vivo .
The leve1 of AOX protein in plant mitochondria is dependent on environmental, developmental, chemical, tissue-specific, and other regulatory signals (see refs. in . Nonetheless, the function(s) of this nonphosphorylating pathway in respiratory metabolism is not well defined (Day et al., 1980; Lambers, 1985; Lance et al., 1985; Purvis and Shewfelt, 1993) .
One major challenge toward understanding alternative pathway function is to elucidate the regulation of electron partitioning to AOX. Numerous studies on isolated mitochondria and whole tissue have indicated that AOX is most active when the Cyt pathway becomes limiting to electron flux (Moore and Siedow, 1991) , and this appears to be due primarily to the differential response of the Cyt pathway and the alternative pathway to the redox poise of the ubiquinone pool (Dry et al., 1989; Siedow and Moore, 1993) . However, two recently described mechanisms of biochemical regulation of the AOX enzyme must now also be considered. First, it has been shown that certain a-keto acids, particularly pyruvate, stimulate AOX activity in isolated mitochondria, presumably by an allosteric mechanism (Millar et al., 1993; Day et al., 1994) . When care is taken to remove pyruvate from isolated mitochondria, AOX activity becomes almost completely dependent on its addition. Second, Umbach and Siedow (1993) have shown that AOX exists as either a noncovalently linked dimer o r a covalently linked dimer. The dimer when covalently linked by putative intermolecular disulfide bond(s) is a less active form of the enzyme. Reduction of the disulfide bond(s) in isolated mitochondria by DTT produces the more active form, and only the more active form can be stimulated by pyruvate (Umbach et al., 1994) . These regulatory mecha-Plant Physiol. Vol. 109, 1995 nisms may be critica1 in determining the partitioning of electrons to AOX in vivo, because it has been shown that the fully reduced and activated enzyme has a higher affinity for ubiquinone, the common substrate of the two electron transport pathways (Umbach et al., 1994) . To date, the regulatory mechanisms described above have been studied predominantly in soybean, and the in vivo mechanism of AOX reduction has not been elucidated.
In the present study, we found that AOX is largely in the oxidized (less active) form in isolated tobacco leaf mitochondria. This is useful in that the mechanism of AOX reduction in these isolated mitochondria can be studied without the need to pretreat the mitochondria with artificial oxidants, which may affect respiratory components other than AOX. We used transgenic tobacco plants with high levels of AOX protein to investigate regulation of AOX activity and have demonstrated the interaction between reduction of the enzyme and its activation by pyruvate. We have further shown that oxidation of specific TCA-cycle substrates (notably isocitrate and malate) can mediate the reduction of AOX to its more active form. We then used transgenic plants with decreased AOX protein levels to demonstrate the possible significance of these AOX-regulatory mechanisms to respiratory metabolism in vivo.
MATERIALS A N D METHODS

Plant Material and Growth Conditions
Mitochondrial AOX is encoded by the nuclear gene Aoxl. Transgenic tobacco (Nicotiana tabacum cv Petit Havana SRl) containing Aoxl in either sense (lines S1, 52, S3, S4, S10, S11, and S24) or antisense (line AS8) orientation under the transcriptional control of the cauliflower mosaic virus 35s promoter were generated as previously described . Primary transformants and wt plants were grown at 26°C in Magenta (Magenta, Chicago, IL) boxes on a modified Murashige and Skoog medium ( and under continuous fluorescent light. Transgenic lines were grown in medium supplemented with 100 p g mL-' kanamycin.
lsolation and Assay of Leaf Mitochondria
Mitochondria were isolated from tobacco by adapting the method of Day et al. (1985) . Leaves (40-60 g fresh weight) were thinly sliced, ground thoroughly in a mortar and pestle (in medium containing 0.3 M SUC, 25 mM Tes, 2 BSA, 20 mM ascorbic acid, 4 mM Cys, pH 7.5), and filtered through four layers of Miracloth (Calbiochem). Washed mitochondria were obtained from the homogenate as described (Day et al., 1985) except that the resuspending medium consisted of 0.3 M SUC, 10 mM Tes, and 0.1% (w/v) BSA (pH 7.2). Washed mitochondria were then purified on a PVP-Perco11 gradient as described (Day et al., 1985) . A11 media used during isolation included 1 mM Gly.
O, uptake by mitochondria (approximately 0.3 mg of protein in a final volume of 1 mL) was measured in a Clark-type oxygen electrode cuvette (Rank Bros., CammM EDTA, 10 mM KHZPO, , 1% [w/v] bridge, UK) at 25°C in a reaction medium containing 10 mM Tes (pH 7.2 unless indicated otherwise), 0.25 M SUC, 5 mM KH,PO,, 2 mM MgSO,, 0.1% (w/v) BSA, and 0.1 mM each NAD, NADP, ATP, and thiamine pyrophosphate. Other additions were as described in the table and figure legends. The O, concentration in air-saturated H,O at 25°C was assumed to be 240 p~. Mitochondrial protein was quantified by a modified Lowry assay (Larson et al., 1986) .
In some cases, mitochondria were treated with difflerent substrates prior to western blot analysis of the AOX protein. For this, mitochondria were suspended in reaction medium (as above, but in an uncapped Eppendorf tube) and allowed to incubate (with the appropriate subtkrate and 1 mM ADI') at room temperature with gentle shaking. The mitochondria were then pelleted in a microfuge (5 min, 4°C). The supernatant was removed and the pellet was frozen at -80°C prior to western blot analysis (see below).
Protein Analysis of Leaf Mitochondria
Mitochondrial proteins were separated by SDS-PAGE, transferred to nitrocellulose, and probed with a monoclona1 antibody to AOX, essentially as previously described (Vanlerberghe and McIntosh, 1992a) . In some cases, nonreducing SDS-PAGE (performed by omitting 2-mercdptoethanol from the SDS-PAGE sample buffer) and western analysis were used to quantify AOX dimer covalently bound by putative intermolecular disulfide bond(s) (:Umbach and . Under these conditions, covalently bound AOX had an apparent molecular mass of approximately 70 kD and noncovalently bound AOX had an apparent molecular mass of approximately 35 kD. The amount of 70-kD (oxidized) AOX protein was quanlified on western blots using a computing densitometer (Molecular Dynamics, Sunnyvale, CAI. Results are expressetl relative to the amount of oxidized AOX protein in untreated mitochondria (kept on ice prior to freezing at -8O"C), which was set to a value of 1.
Leaf lncubations with Antimycin A
Under axenic conditions, fresh leaves (approximately six to eight leaves or 2 4 g fresh weight) were floated (with the top surface of the leaf facing up) in large (150 mm X 15 mm) Petri dishes on 50 mL of a medium previously described (Linsmaier and Skoog, 1965) . The Cyt c reductase (complex 111) inhibitor antimycin A (70 mM stock in 2-propanol) was added at a concentration of 25 p~. Control incubations had equal amounts of 2-propanol without antimycin A. Petri dishes were sealed with Parafilm and put under continuous fluorescent light at 26°C. After 24 h, a sample of the medium was taken to measure ethanol. This was done by a coupled enzymatic assay using a commercial test kit (Boehringer Mannheim) and a HP8452A diode array spectrophotometer (Hewlett-Packard).
RESULTS
Tobacco Leaf Mitochondria
Leaf mitochondria purified from Magenta box-grown tobacco using a PVP-Perco11 gradient displayed good rates 
AOX Protein in Leaf Mitochondria
Previously , we used sense and antisense DNA constructs of tobacco Aoxl to generate ! transgenic tobacco with increased and decreased levels of mitochondrial AOX protein. Figure 1 shows the levels of mitochondrial AOX protein in the wt and transgenic lines used in this study. Reducing SDS-PAGE and western analysis indicated the presence of a major 35-kD AOX protein band as well as a minor band of a slightly higher (approximately 36 kD) "apparent" molecular mass (Fig. 1, +RSH) . The wt mitochondria contained low but detectable levels of | these AOX protein bands, whereas transgenic lines con-' taining Aoxl sense transgene(s) (SI, S2, S3, S4, S10, and S24) had dramatically elevated AOX protein levels. A transgenic line containing an antisense transgene (ASS) had undetectable levels of AOX protein, as did a transgenic line (Sll) containing multiple sense transgenes. Nonreducing SDS-PAGE and western analysis indicated that, after mitochondrial isolation, a large proportion of the AOX protein was present with an apparent molecular mass of approximately 70 kD (Fig. 1 , -RSH). This was evident in both the wt and transgenic mitochondria with increased levels of AOX. In soybean, such a high-apparent-molecular-mass form is a putative disulfide-linked dimer of AOX (Umbach and Siedow, 1993) ; similar results have also been seen in pea (Lennon et al., 1995) .
Regulation of AOX Activity in Isolated Leaf Mitochondria
With external NADH and ADP as substrate, isolated tobacco leaf mitochondria showed little or no O 2 uptake when myxothiazol was added to inhibit the Cyt pathway. This was the case even in transgenic mitochondria with high levels of AOX protein ( Fig. 2A ). The addition of pyruvate (a known activator of soybean AOX; Millar et al., Table I 
. Substrate oxidation rates, RC ratios, and ADP/O ratios (under conditions of AOX inhibition) for tobacco leaf mitochondria purified on a PVP-Percoll gradient
All values were determined directly from O 2 electrode traces after the third state 3/state 4 transition (using 100 nmol of ADP each time) and in the presence of 100 IJ.M n-propyl gallate to inhibit AOX. Succinate, malate, and Gly were used at a concentration of 10 HIM and NADH was used at a concentration of 2 HIM. Malate oxidation was determined in the presence of 10 mM Glu. Each value is the average ± so from four to nine separate mitochondrial preparations, depending on the substrate. 1993) stimulated O 2 uptake slightly, but activity was still much less than expected based on AOX protein levels. However, subsequent addition of the reducing agent DTT caused a large stimulation of O 2 uptake, all of which was sensitive to the AOX inhibitor n-propyl gallate ( Fig. 2A) . Maximum stimulation by DTT was obtained within 2 to 4 min. Addition of DTT prior to pyruvate had only a slight stimulatory effect, but subsequent pyruvate addition resulted in a rapid increase in O 2 uptake by AOX (Fig. 2B ). In soybean, putative intermolecular disulfide bond(s) produce a covalently bound and less active AOX dimer, and stimulation of AOX activity by DTT is presumed to be due to reduction of these disulfide bond(s) (Umbach and Siedow, 1993) .
The above results show that tobacco AOX activity is dependent on both reduction of the oxidase and its subsequent activation by pyruvate, regulatory mechanisms similar to those already described for soybean AOX (Millar et al., 1993; Umbach and Siedow, 1993) . Figure 2 , C-F, shows that some TCA-cycle organic acids could substitute for DTT. In the presence of pyruvate, citrate addition caused a dramatic stimulation of AOX activity within a few minutes (Fig. 2C) . When citrate was present from the start, addition of pyruvate rapidly activated AOX (Fig. 2D) . Similar results were obtained with malate (Fig. 2, E and F) or isocitrate (data not shown).
The ability of these organic acids (citrate, isocitrate, malate) to stimulate AOX activity was associated with a loss of covalently bound (70-kD) AOX dimer and an increase in noncovalently bound (35-kD) AOX protein as shown by nonreducing SDS-PAGE and western analysis (Figs. 3, 4, and 5B) . This was also the case after treatment with DTT (Table II) . This phenomenon was evident in both transgenic mitochondria containing high levels of AOX protein (Fig. 3 ) and wt mitochondria (Fig. 4) . Pyruvate activation was also evident in both transgenic (Fig. 2) and wt (data not shown) mitochondria. However, maximum rates of AOX activity in the wt mitochondria were at least . O 2 uptake by transgenic (S1) tobacco leaf purified mitochondria containing high levels of AOX protein (see Fig.  1 ). Where indicated, the following were added: 2 mM NADH, 1 mM ADP, 16 /XM myxothiazol (myxo), 1 mM pyruvate (pyr), 10 mM DTT, 100 /J.M n-propyl gallate (nPG), 10 mM citrate (Cit), 10 mM malate (Mal), and 10 mM Glu. Numbers on traces refer to rates of O 2 uptake (nmol O 2 mg~' protein min" 1 ). Representative results are shown.
1 order of magnitude lower than in the transgenic mitochondria (data not shown). Therefore, further analysis was done on transgenic mitochondria, in which the large amount of AOX protein and activity could facilitate study of these regulatory mechanisms. Several different transgenic lines overexpressing AOX were used in this study, and all showed similar results. In transgenic mitochondria with no detectable AOX protein (ASS, Sll; Fig. 1 ), myxothiazol inhibited all O 2 uptake, and the treatments described above (DTT, organic acids, pyruvate) had no effect (data not shown). O 2 electrode analysis indicated that other TCA-cycle substrates were not as effective in bringing about the rapid stimulation of AOX activity seen with citrate, isocitrate, or 70 kD malate (data not shown). This prompted us to investigate the ability of different substrates to promote reduction of AOX to its more active form. When NADH, NADPH, pyruvate, 2-oxoglutarate, or Gly was used as mitochondrial substrate, AOX remained largely oxidized (Figs. 3, 4, and 5B), consistent with the inability of these substrates to rapidly stimulate AOX activity. The ability of different substrates to promote AOX reduction under our assay conditions was not related to their absolute rates of metabolism, because citrate and isocitrate supported only low rates of O 2 uptake (Fig. 5A ) but were very effective at reducing AOX (Fig. 5B) .
The level of oxidized AOX protein was significantly lowered by a 10-min incubation with succinate (Fig. 5B) . However, the kinetics of this process was much slower than that seen with citrate (Table II) , even though succinate is metabolized much more rapidly than citrate (Fig. 5A ). This result corresponded with our O 2 electrode analysis, which indicated that stimulation of AOX activity by succinate was a slow process compared to stimulation by citrate, isocitrate, or malate (data not shown).
in* mm --» -*-35 kD Figure 3 . Western blot analysis of AOX protein in transgenic (SI) tobacco leaf purified mitochondria containing high levels of AOX protein (see Fig. 1 ). The mitochondria were supplied with the indicated substrate and 1 HIM ADP for 10 min, pelleted by centrifugation, and frozen at -80°C prior to separation of the mitochondrial proteins (25 /j.g) by nonreducing SDS-PAGE (all as described in "Materials and Methods"). Citrate, isocitrate, 2-oxoglutarate (2-OG), succinate, malate (Mal), Glu, and Gly were all used at a concentration of 10 mM. NADH was used at a concentration of 2 mM. Incubation with 2-oxoglutarate included 5 mM malonate. Representative results are shown.
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70 kD
•*-35 kD Fig. 1) . B, The amount of oxidized (covalently bound 70-kD) AOX protein in mitochondria supplied with the indicated substrate and 1 mM ADP for 10 min, pelleted by centrifugation, and frozen at -80°C prior to separation of the mitochondrial proteins (25 pg) by nonreducing SDS-PAGE (ali as described in "Materials and Methods"). Substrate additions were as in A. Western blots were analyzed as described in "Materials and Methods." Results are relative to the amount of oxidized protein in untreated mitochondria, which was set to a value of 1. Results are the average ? SD from 3 to 10 separate mitochondrial preparations (depending on the substrate) on a range of transgenic lines with high levels of AOX protein (see Fig. 1 ).
We tested whether the ability of citrate and isocitrate to promote AOX reduction was related to their providing reducing power for such a process. Since the equilibrium of malate dehydrogenase greatly favors malate, the presence of large amounts of oxaloacetate can rapidly oxidize mitochondrial reducing power, making it unavailable for other processes . Indeed, we found that oxaloacetate addition severely inhibited citrate-or isocitrate-dependent O, consumption (data not shown). The most likely explanation is that oxaloacetate competed with mitochondrial electron transport for the reducing power generated by these substrates. If the ability of citrate or isocitrate to promote AOX reduction is due to reducing power being generated by these substrates, then oxaloacetate should be capable of inhibiting this process as well. Indeed, we found that oxaloacetate did severely inhibit the ability of citrate or isocitrate to promote reduction of AOX (Table 11) .
We have seen that malate promotes reduction of AOX (Figs. 3,4, and 5B). In plant mitochondria, malate oxidation may occur by two routes, and the primary route of oxidation in isolated mitochondria can be manipulated by assay conditions (Day et al., 1984, and refs. therein) . At high pH (7.8) and in the presence of Glu to remove oxaloacetate via aspartate aminotransferase, malate dehydrogenase is favored. At low pH (6.5) and in the absence of Glu, malic enzyme is favored. Malic enzyme has the potential to not only promote the reduction of AOX but also to activate AOX, since its product is pyruvate. In this regard, we found that under assay conditions favoring malic enzyme, maximum AOX activity was independent of added pyruvate (Fig. 6A) . However, as assay conditions moved toward favoring malate dehydrogenase (Fig. 6 , B-D), maximum AOX activity became more dependent on added pyruvate. It is interesting that malate oxidation by malic enzyme was less effective at reducing AOX than malate oxidation by malate dehydrogenase (Table 11) , resulting in lower maximum rates of AOX activity (Fig. 6 ). We investigated rates of state 3/state 4 oxidation in transgenic mitochondria with high levels of AOX protein under conditions in which AOX was inactive versus conditions in which it was expected to be active, given the regulatory mechanisms described above. Under conditions in which AOX was inactive (with only NADH as substrate Table II . The amount o f oxidized (covalently bound 70-kD) AOX protein in purified tobacco leaf mitochondria Mitochondria were supplied with the indicated substrate(s) and 1 mM ADP for the indicated time, pelleted by centrifugation, and frozen at -80°C prior to separation of the mitochondrial proteins by nonreducing SDS-PAGE (all as described in "Materials and Methods"). Reaction medium was at p H 7.2 unless indicated otherwise. Substrates were used at a concentration of 1 O mM (citrate, isocitrate, malate, Clu, succinate, and DTT) or 1 mM (oxaloacetate). Western blots were analyzed as described in "Materials and Methods." Results are relative to the amount of oxidized AOX in untreated mitochondria, which was set to a value of 1. The numbers in parentheses refer to the number of mitochondrial preparations each set of results is based on. Each mitochondrial preparation showed similar results. Figure 7 . O, uptake by transgenic (S24) tobacco leaf purified mitochondria containing high levels of AOX protein (see Fig. 1 ). In traces A and C, 100 p~ n-propyl gallate (nPG) was added to the reaction medium prior to the mitochondria in order to inhibit AOX. Where indicated, the following were added: 2 mM NADH, 1 O0 nmol ADP, 16 p~ myxothiazol (myxo), 1 O mM malate (Mal), 1 O mM Glu, and 1 mM pyruvate (pyr). Numbers on traces refer to rates of O, uptake (nmol O, mg-' protein min-'). Representative results are shown.
or after inhibition by a-propyl gallate), high RC ratios were evident (Fig. 7, A-C) . However, under conditions in which AOX was active (malate as substrate, plus pyruvateb, RC dropped dramatically as AOX contributed significani 1y to the state 4 respiration rate (Fig. 7D) .
Pyruvate was found to be the most effective activalor of reduced soybean AOX, but 2-oxoglutarate was also effective at higher concentrations (Millar et al., 1993) . We investigated the ability of exogenously added pyruvate or 2-0x0-glutarate to activate reduced tobacco AOX. Results were compared using either malate or citrate to reduce AOX, since malate metabolism has the potential to generate ,some intramitochondrial pyruvate (although we Umited this by doing the assays at pH 7.8 and with Glu present), whereas citrate metabolism will generate some intramitochondrial 2-oxoglutarate. Nonetheless, the results were similar regardless of whether malate or citrate was used, and only the citrate results are shown (Fig. 8) . As in soybean, reduced tobacco AOX was most effectively activateld by pyruvate, with addition of 0.5 mM yielding approximately half-maximal activity. Addition of approximately 5 m M 2-oxoglutarate was required to obtain similar activity (Fig. 8 ).
Leaf lncubations with Antimycin A
Given the regulatory properties of AOX discussed above, we hypothesized that limitation of upstream respiratory metabolism by the Cyt pathway could activate AOX in a feed-forward fashion. Using transgenic plants that lack AOX, we investigated the consequences to respiratory carbon metabolism of being unable to utilize AOX when the wt S4 ASS S11 Figure 9 . Ethanol production by wt and transgenic (S2, S4, AS8, and S11) tobacco leaves floated on medium in the presence and absence of 25 fjiM antimycin A. Ethanol was measured in the medium after 24 h. Results are the average ± so from 3 to 10 experiments using separate batches of leaves. FW, Fresh weight.
Cyt pathway was limiting respiration. To ensure rapid limitation of respiratory carbon metabolism at the level of the Cyt pathway, tobacco leaves were incubated with antimycin A (an effective inhibitor of Cyt c reductase in tobacco; Mclntosh, 1992b, 1994) . S2 and S4 are two sense lines with high levels of leaf AOX protein compared to the wt under normal growth conditions (Fig. 1) . ASS has no detectable leaf AOX protein under normal growth conditions due to the presence of an antisense Aoxl gene ( Fig. 1 ; . Sll has multiple copies of Aoxl in the sense orientation and has no detectable leaf AOX protein, possibly due to the phenomenon of co-suppression ( Fig. 1; see , for further discussion). For each of the plant lines described above, only low to undetectable levels of ethanol were measured after incubation of leaves for 24 h without antimycin A (Fig. 9) .
After 24 h with antimycin A, wt, S2, and S4 leaves had high levels of AOX protein, whereas levels were very low in ASS and remained undetectable in Sll (data not shown). It should be noted that AOX levels in wt leaves were high, since tobacco has a mechanism whereby Aoxl gene expression is rapidly enhanced in response to inhibition of the Cyt pathway (Vanlerberghe and Mclntosh, 1994) . Correlated with this, antimycin A had no effect on ethanol level in the wt, S2, or S4, whereas ethanol was produced by ASS leaves and large amounts were produced by Sll leaves (Fig. 9) .
After 96 h with antimycin A, transgenic leaves with compromised levels of AOX protein (ASS, Sll) showed visual symptoms of severe injury, whereas leaves with high levels of AOX protein (wt, S24) remained healthy in appearance (Fig. 10) .
DISCUSSION
Regulation of AOX Activity in Tobacco Leaf Mitochondria
We have shown that AOX activity in isolated tobacco leaf mitochondria is dependent on both reduction of a proposed AOX intermolecular disulfide bond and the presence of an appropriate activator such as pyruvate. Only reduced AOX is subject to pyruvate activation. These regulatory mechanisms have already been described for soybean AOX (Millar et al., 1993; Umbach and Siedow, 1993) , suggesting that they may be common mechanisms of regulation of plant AOX enzymes. Plant Physiol. Vol. 109, 1995 We have extended previous work by showing that reduction of tobacco AOX to its more active form can be mediated in isolated mitochondria by specific TCA-cycle substrates, particularly citrate, isocitrate, and malate (Figs.  3, 4, and 5B). Note that pyruvate itself was ineffective at promoting AOX reduction (Fig. 5B) . The most likely explanation is that intramitochondrial reducing power generated by the activity of isocitrate dehydrogenase (when mitochondria were supplied with citrate or isocitrate) or malate dehydrogenase (when mitochondria were supplied with malate) is able to support the reduction of AOX. Supporting this was the observation that excess oxaloacetate (which will rapidly consume mitochondrial reducing power generated by isocitrate oxidation due to the equilibrium of malate dehydrogenase; Neuburger et al., 1984) inhibited the ability of citrate or isocitrate to promote AOX reduction (Table 11 ). Extramitochondrial reducing power (NADH, NADPH) was ineffective at promoting AOX reduction (Figs. 2, 3, 4 , 5B, and 7B), indicating that this is an intramitochondrial process.
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Other mitochondrial substrates were relatively ineffective at promoting AOX reduction compared to citrate, isocitrate, and malate (Figs. 3 and 5B ). This could not be explained by absolute rates of metabolism, since citrate and isocitrate were among the most slowly metabolized substrates (Fig. 5A) . However, it is interesting that among these substrates, only citrate, isocitrate, and malate metabolism may be coupled to reduction of NADP in plant mitochondria. Plant mitochondrial malate dehydrogenase can use either NAD or NADP, and there is an NADPspecific isocitrate dehydrogenase in plant mitochondria, the specific function of which is unknown (Rasmusson and Maller, 1990) . Therefore, it is tempting to speculate that NADPH mediates reduction of the AOX protein in vivo. This is consistent with AOX reduction being mediated by a thioredoxin-or glutaredoxin-based enzyme system, both of which use NADPH (Holmgren, 1989) . Components of each of these systems have been identified in plant mitochondria, but, as yet, potential specific function(s) have not been identified (Bodenstein-Lang et al., 1989; Rasmusson and Maller, 1990) . It is interesting that reduced thioredoxin from Esckerickiu coli can reduce soybean AOX in insideout submitochondrial particles (J.N. Siedow, ,personal communication) .
The lesser ability of malate oxidation by malic enzyme (which generates only NADH) to promote AOX reduction compared to malate oxidation by malate dehydrogenase (Table 11) is consistent with the suggestion that NADPH is the required substrate for AOX reduction. Nonetheless, malic enzyme activity and some other substrates (particularly succinate) could moderately promote AOX reduction (Table 11 ; Fig. 5B ), even though they are not directly coupled to generation of NADPH. In this regard, two points should be considered. First, given the slow kinetics of reduction of AOX by succinate (Table 11 ) compared to citrate (even though succinate is metabolized much more quickly; Fig. 5A ), it is quite plausible that the succinate effect is indirect, due to it generating malate. Malate could then very effectively reduce AOX (Fig. 5B) . Second, nicotinamide nucleotide transhydrogenase activity, which reversibly converts (NADH + NADP) to (NAD + NADPH), has been reported in plant mitochondria (Carlenor et al., 1988) . Hence, any activity generating intramitochoridrial NADH has the potential to generate some NADPH irtdirectly by this reaction (Hoek and Rydstrom, 1988) . Nonetheless, if our interpretation of the results is correct, the interaction between the NAD and NADP pools via the transhydrogenase must be slow.
Physiological Significance of AOX Regulation to Respiratory Metabolism in Vivo
Given the regulatory properties of AOX discussed above, any condition that leads to accumulation of mitochortdrial NAD(P)H and /or pyruvate has the potential to increase electron transport through the alternative pathway. In this way, limitation of upstream respiratory carbon metabolism by the Cyt pathway could activate AOX in a feed-forward fashion. Using transgenic plants that lack AOX ( Fig. 1 ; , we investigated the consequences to respiratory carbon metabolism of being u nable to utilize AOX when the Cyt pathway was limiting respiration. Lack of AOX under such conditions resulted in the production of large quantities of ethanol (Fig. 9 ) and visual symptoms of severe leaf injury (Fig. 10) .
These results imply that feed-forward activation of AOX by upstream respiratory metabolism can prevent aerobic fermentation when there is an imbalance between respiratory carbon metabolism and the capacity of mitochondrial electron transport. Activation of AOX by pyruvate is a particularly well-suited mechanism for this because pyruvate is at a major branch point in metabolism, being the direct precursor to either mitochondrial respiration or fermentation. It is interesting that 2-oxoglutarate (the other observed activator of tobacco AOX; Fig. 8 ) is also at a major branch point in metabolism, since it may be further metabolized by the TCA cycle or used by the Gln synthetase-Gln 2-oxoglutarate aminotransferase pathway (Ireland, 1990) . Hence, AOX could have a general role in regulating the intracellular concentration of key respiratory intermediates, the accumulation of which might otherwise result in a redirection of carbon metabolism. Such a redirection of carbon metabolism was certainly evident in transgenic leaves lacking AOX (Fig. 9 ).
An imbalance between respiratory carbon metabolism and the capacity of mitochondrial electron transport might be met by conditions that either stimulate carbon flow (such as an increase in cellular sugars resulting in increased glycolytic flux) or impair electron flux through the Cyt pathway. Electron flux through the Cyt pathway might be limited by saturation of one of its electron transfer coinponents or by ADP and/or Pi limitation (Day and Lambers, 1983) . Not surprisingly, it is conditions such as theje in whole tissues and isolated mitochondria that a p p e x to increase electron flux through the alternative pathway (Azcon-Bieto et al., 1983; Bingham and Farrar, 1989; Palet et al., 1991; Rychter et al., 1992; Hoefnagel et al., 1994 (Fig. 7D) . Clearly, plants have a sophisticated feed-forward control mechanism that ensures that AOX is active when carbon substrates and reductant are plentiful.
